Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) and computed tomography (DCE-CT) provide independent measures of biomarkers related to tumor perfusion. We compared the reproducibilities and absolute values of DCE-MRI and DCE-CT biomarkers in the same tumors in an animal model, to investigate the physiologic validity of both approaches. DCE-MRI and DCE-CT were each performed sequentially on three consecutive days in each of twelve rats bearing C6 glioma xenografts. DCE-MRI yielded endothelial transfer constant (K trans ), extracellular, extravascular space volume fraction (v e ), and contrast agent reflux rate constant (k ep ); and DCE-CT, blood flow (BF), blood volume (BV), mean transit time (MTT), and permeability-surface area product (PS) using Tofts and deconvolution physiological models, with 6.6 and 0.4 seconds temporal resolutions, respectively. Variability in DCE-CT and DCE-MRI were evaluated by variance components analysis. Intra-rat coefficients of variation for DCE-CT parameters BF, BV, MTT and PS were 25%, 22%, 18% and 23%; and for DCE-MRI parameters K trans , k ep and v e were 23%, 16% and 20%, respectively. Mean (6SD) BF, BV, MTT and PS were: 44.6 (613.7) ml min 21 100 g 21 , 5.7 (61.5) ml 100 g 21 , 10.8 (62.3) seconds, and 14.6 (64.7) ml min 21 100 g 21 , respectively. Mean (6SD) K trans , k ep and v e were: 0.21 (60.05) min 21 , 0.68 (60.14) min 21 , and 0.29 (60.06), respectively. Permeability estimates from DCE-MRI (K trans ) were 44% higher than from DCE-CT (PS), despite application of appropriate corrections. DCE-MRI and DCE-CT biomarkers of tumor perfusion have similar reproducibilities suggesting that they may have comparable utility, but their derived parameter values are not equivalent.
Introduction
Imaging biomarkers from dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) (1), and to a lesser extent, dynamic contrast-enhanced computed tomography (DCE-CT) (2), have shown utility in anti-cancer drug development. Many clinical studies have been reported in Phase I/II clinical trials and in other settings (3) (4) (5) (6) (7) . Before drugs are first trialed in humans, animal studies are often Technology in Cancer Research & Treatment, Volume 11, Number 3, June 2012 essential in defining the effect size, duration, and histopathologic consequences of novel therapeutic interventions.
Commonly, the biomarker K trans (transfer constant, min 21 ) is derived using, for example, the Tofts model (8) from gadolinium chelate DCE-MRI studies. In principle, K trans is an absolute parameter characterizing the gadolinium chelate pharmacokinetics, independent of the particular method of measurement (i.e., magnetic resonance). However, practical implementations in MRI have several well-known vulnerabilities and confounding factors, including uncertainties over the time-dependent plasma gadolinium concentration, not only in the arterial system but also in the tortuous tumor microvasculature; errors in T 1 measurement; tissue-dependent relaxivities; incomplete mixing of the extravascular compartment; water proton exchange; and inadequacies in time-resolution for properly characterizing the first-pass (9, 10).
In DCE-CT, the biomarkers tumor blood flow (BF) (ml min 21 100 g 21 ), blood volume (BV) (ml 100 g 21 ), and permeability surface area product (PS) (ml min 21 100 g 21 ) are commonly derived using the deconvolution (Lee) model (11) from organoiodine DCE-CT studies. While DCE-CT is also, in principle, subject to some of the same confounding factors as DCE-MRI, the direct link between iodine concentration and Hounsfield unit increment may make the CT method somewhat more robust than the MRI method with the latter's dependence on native tissue T 1 , contrast agent relaxivity, and water exchange.
Although there are some published reports of the reproducibilities of the biomarkers derived individually from and , there are very few published reports on the accuracy of indeed, and their comparability (20, 21) . We sought to assess the reproducibility of imaging biomarkers derived from DCE-MRI and DCE-CT acquisitions in an animal model using a well-characterized xenograft and closely matched tumor volumes. Such studies comparing DCE-MRI and DCE-CT in a back-to-back fashion are lacking. We hypothesized that if the respective methods and models indeed yield reliable descriptions of gadolinium-chelate and organoiodine pharmacokinetics, then, in the same tumor, appropriately chosen measurements should be quantitatively comparable.
In this study, we measured DCE-MRI and DCE-CT biomarkers on three successive days in each of twelve rat xenografts.
Absolute parameter values and reproducibility were compared. Imaging methods were chosen to parallel those commonly used in the clinic to maximize the translational value of the study. The tumor chosen was the well-vascularized C6 glioma model in nude rats (22) .
Materials and Methods
The study was approved by the Institutional Animal Care and Use Committee. C6 rat glioma cells were obtained from the American Type Culture Collection (Manassas, VA, USA). Five thousand C6 cells were injected subcutaneously per nude rat (n 5 14, Charles River, Wilmington, MA). Cells were injected in the flank region, at the approximate axial level of the inferior aspect of the kidneys and distal aorta. Tumor measurements were undertaken using calipers, and tumors allowed to grow until they reached a nominal size of approximately 1 cm diameter. Each rat then underwent DCE-CT and DCE-MRI on three consecutive days, with CT and MRI undertaken in a sequential (back-to-back) fashion on each of the three days. As gadolinium-based MR contrast agents are known to attenuate x-rays, CT studies were undertaken before MRI studies to prevent any possible impact on the DCE-CT measures due to residual MR contrast agent present during the CT scans (22). Animals were scanned in batches of 2 to 4 animals per cohort.
Animals were placed in a CT-and MRI-compatible cradle in which a 5-cm hole had been cut in its dependent portion, into which the subcutaneous tumor could be located. Hair from around the tumor was shaved, and the region of the tumor was placed in a "bath" of ultrasound gel to minimize air/ tumor susceptibility effects in the MRI imaging studies. A temperature controlled pad was placed underneath the animals, and the animals were gently immobilized with tape. On each day of imaging, animals were kept under inhalational anesthesia (the average duration of anesthesia was 2.4 hours), and all imaging for the day was undertaken with the animal in the same position on the cradle throughout. Animals were anesthetized with 1-2% isoflurane in a 1 l min 21 O 2 flow, and imaging was undertaken in free respiration throughout. For both CT and MRI, the imaging volume was targeted on the central portion of the tumor.
Before the first day of scanning, an in-dwelling 3F central venous catheter was placed in an internal jugular vein by a Veterinary Surgeon, for the purposes of IV administration of CT and MRI contrast agents. The catheter was maintained for the duration of the study with a dextrose/heparin solution.
DCE-CT Technique and Perfusion Analysis
CT was undertaken on a clinical 4-row multidetector CT (LightSpeed, GE Healthcare, Waukesha, WI). Scanning was undertaken through the central portion of the tumor in cine mode (the parameters were 4 3 2.5 mm collimation, 80 kV, 60 mA, and 0.8 s rotation speed), for a duration of 50 seconds, following administration through the in-dwelling central venous catheter, of iodinated contrast (ioversol, 320 mg iodine/ml (Optiray 320), Mallinckrodt, St Louis, MO), 1.5 ml/kg body weight, via pump injection at 5 ml min 21 (KD Scientific infusion pump, Holliston, MA). For a 200 g animal, this was 300 µl of contrast medium, injected over 3.6 seconds. Reconstruction of the images was undertaken at 0.4 s segmentation. This resulted in four 2.5-mm contiguous CT slices, each with 125 images, and an in-plane spatial resolution of 0.5 mm 3 0.5 mm.
DCE-CT data were analyzed using commercially available software, which is based on a deconvolution model (11). An arterial ROI was positioned over the largest available artery (typically the descending aorta, but if not available in the field of view, then the common iliac artery). Using the Body Tumor protocol on a GE Advantage Windows workstation (CT Perfusion 3 module, GE Healthcare, Waukesha, WI), parametric maps of blood volume (BV), blood flow (BF), mean transit time (MTT), and permeability-surface area product (PS) were then obtained. Free-hand regions of interest were drawn around the perimeter of the tumor on axial sections. The mean of the values for each tumor ROI were obtained, and the results from the two largest contiguous axial sections were averaged ( Figure 1 ). An estimate of tumor volume (cm 3 ) was obtained from the formula for an oblate spheroid, πXY 2 /6000, where X and Y (mm) were orthogonal measurements of the tumor from CT.
DCE-MRI Technique and Perfusion Analysis
MRI was undertaken in a dedicated animal 7.0 Tesla/ 30 cm bore MRI scanner (Bruker BioSpin, Billerica, MA). The MR scanning protocol consisted of the acquisition of sagittal and axial T 2 -weighted images, axial T 1 -weighted images, single section (maximum cross sectional area) variable repetition time (TR) images for native tissue (pre-contrast agent administration) T 1 estimates, axial DCE images, and post-Gd axial T 1 -weighted images. For the DCE-MR acquisition, a 3D fast spoiled gradient echo sequence was used with TE 5 1.8 ms, TR 5 5.3 ms, 108 flip angle, 24-mm z-axis coverage (twelve 2-mm sections), 128 3 96 matrix, 60-mm FOV, temporal resolution of 6.6 sec, and a total scan time of 6.5 min. Contrast agent was administered after 10 baseline scans were acquired. The in-plane spatial resolution of the DCE-MRI images was 0.5 mm 3 0.6 mm.
The MRI contrast agent was delivered through the same in-dwelling central venous catheter as used for the preceding CT, as follows: 0.1 mmol/kg dose of gadopentetate dimeglumine (Magnevist, Bayer Healthcare Pharmaceuticals, Wayne, NJ), via an MR-compatible injection system (Harvard Apparatus, PHD 2000 Programmable, Plymouth Meeting, PA). For a 200 g rat, 200 µl of contrast media at 1:5 dilution of Magnevist: saline was administered, over a period of 10 seconds. This was followed by a saline flush of the same volume and injection rate. DCE-MRI data were analyzed using a two compartment pharmacokinetic model,
is the concentration of the contrast agent in the region of interest, C p (t) is the concentration of the agent in the vascular space (vascular input function), K trans is the endothelial transfer constant (min 21 ), and k ep is the reflux rate (min 21 ). Change in signal intensity vs. time data were used for the analyses, which were performed using the Kinmod module within the CineTool environment (GE Healthcare, Waukesha, WI). Parametric maps of K trans , k ep , and extracellular, extravascular space volume fraction (v e 5 K trans /k ep , unitless) were generated for each animal at each time point ( Figure 2) . A model contrast agent uptake and clearance curve was used in the analyses, with the model contrast agent curve obtained from a cohort of seven rats imaged at three time points each using the same 3D fast gradient echo sequence but with spatial saturation bands proximal to the imaging volume to minimize flow related enhancement effects. The vascular signal intensity uptake curves were averaged over all animals and time points and the washout component fit by a biexponential function, y(t) 5 A [a 1 exp(2m 1 t) + a 2 exp(2m 2 t)], yielding short and long component amplitude and clearance rate values of a 1 5 0.56, m 1 5 0.0333 s 21 , a 2 5 0.36, m 2 5 0.0010 s 21 , respectively, in good agreement with previously published data (22, 24) .
As for the DCE-CT data, the results from the ROIs in the two imaging sections representing the largest cross-section of tumor were averaged.
The acquisition protocols and modeling techniques utilized in the above DCE-MRI and DCE-CT evaluations closely reflect those commonly used in clinical settings.
Histopathology
Animals were euthanized after the third day of imaging.
Tumors were harvested and fixed in formalin. Tumor sections were subsequently stained with hematoxylin and eosin. The degree of necrosis, estimated as the percent cross-sectional area of necrosis compared to that of the tumor on midline section, was assessed by a Veterinary Pathologist.
Statistics
Summary statistics of DCE-CT parameters (BF, BV, MTT, and PS) and DCE-MRI parameters (K trans , k ep , and v e ) were provided in the form of mean, standard deviation, and range. For MRI parameters, the mean of square root transformed voxel values was calculated, and then back transformed to the raw scale (squared) for subsequent statistical analyses.
A variance components analysis was used to estimate the inter-and intra-rat variances (23). The intra-rat coefficient of variation (wCV) was calculated using the Bland-Altman method (13), as follows: logarithms of the data were taken and within-rat standard deviations estimated; the results were back-transformed to the raw scale (anti-log) and one was subtracted from them to obtain the wCVs.
A linear mixed model was used to test the effect of time on each DCE-CT and DCE-MRI parameter for the three days of repeat scans, and to assess the association between PS and K trans . The linear mixed model took into account the correlation between measurements of the same rat.
All statistical analyses were two-sided and p-values of 0.05 or less were considered statistically significant. Statistical analysis was carried out using SAS version 9 (SAS Institute, Cary, NC). Plotting was performed using S-Plus 7 (Insightful Inc., Seattle, WA).
Results
A total of 14 rats were scanned, providing 42 data points for DCE-CT and 42 for DCE-MRI. We were able to undertake DCE-CT analyses on all data; however, 10/42 DCE-MRI datasets were excluded due to sub-optimal injection technique, which resulted in 12 rats with evaluable DCE-MRIs. Thus we have 14 DCE-CT reproducibility, 12 DCE-MRI reproducibility, and 12 paired animal DCE-CT and DCE-MRI comparison studies.
The median (range) tumor size was 0.2 (0.1-2.6) cm 3 . On histology, the tumors were found to be markedly vascularized with vascular structures ranging from thick-walled vessels to capillaries. In larger neoplasms, necrosis was common and was characterized by a serpentine pattern with a dense border of small dark neoplastic nuclei (pseudopalisading) around the edges of the necrotic areas (data not shown). The median extent of tumor necrosis on histopathology was 3.8% (range, 0 to 29%). 
Reproducibility of DCE-CT and DCE-MRI
Summary statistics for the CT and MRI biomarkers are shown in Table I . For the 14 animals that underwent DCE-CT, mean (6SD) BF, BV, MTT and PS were: 44.6 (613.7) ml min 21 100 g 21 , 5.7 (61.5) ml 100 g 21 , 10.8 (62.3) seconds and 14.6 (64.7) ml min 21 100 g 21 , respectively (Table I) . Assuming a tumor density of unity (i.e., 1 g ml 21 ), mean tumor PS was 0.146 min 21 . The wCV for BF, BV, MTT and PS were: 25%, 22%, 18% and 23%, respectively (Table I, Figure 3 ). For the 12 animals that underwent DCE-MRI, mean (6SD) K trans , k ep and ν e were: 0.21 (60.05) min 21 , 0.68 (60.14) min 21 and 0.29 (60.06), respectively Table I ). The wCV for K trans , k ep and v e were: 23%, 16% and 20%, respectively (Table I, Figure 4 ). The wCVs for all DCE-CT and DCE-MRI parameters were similar.
No significant trend was detected in any of the DCE-CT or DCE-MRI parameters over the course of the 3 days of scanning based on the linear mixed model. For both the DCE-CT and DCE-MRI parameters, there were no significant differences between within rat (intra-rat) variance and between rat (inter-rat) variance (all p-values . 0.05, results not shown) (Table I) .
Comparison Between DCE-CT and DCE-MRI Biomarkers
A plot comparing the permeability perfusion biomarkers K trans (from DCE-MRI) and PS (from DCE-CT) is presented in Figure 5 .
Discussion
Our study compared DCE-CT and DCE-MRI biomarkers and assessed their reproducibility by undertaking evaluations over a period of three consecutive days. We undertook DCE-CT and DCE-MRI in a back-to-back fashion sequentially, which allowed us to compare CT and MRI derived perfusion parameters on the same lesion contemporaneously. Our imaging protocols were chosen as far as possible to replicate those used clinically, and in particular, the contrast agents used were ioversol, an uncharged, renally cleared agent of 807 Daltons, and gadopentetate dimeglumine, a charged (2), renally cleared agent of 548 Daltons for the active gadopentetate anion (938 Daltons for the dimeglumine salt, which dissociates in solution). 
Reproducibility of DCE-CT
The variability of BF, BV, MT and PS as assessed by wCV in our study were 25%, 22%, 18% and 23%, respectively (Table I) . Other studies, in larger animals, have reported similar reproducibilities. In dog brain, variability in BF of 26-35% and BV of 9-17% have been reported (16). In normal rabbit brain, variability in BF of 32% and BV of 16% have been reported (17) ; and in rabbit brain tumors, variability in BF of 13% and BV of 7% have been reported (18) . Variability of BF, BV, MT and PS in implanted VX2 tumors in rabbits of 14%, 20%, 24% and 18%, respectively, have been reported (19).
Reproducibility of DCE-MRI
The variability of K trans , k ep and v e as assessed by wCV in our study were 23%, 16% and 20%, respectively. These are comparable to other studies evaluating the variability of DCE-MRI parameters. In a rat model with GH3 prolactinoma tumors, variability in the semi-quantitative MRI parameter, IAUC (initial area under the time-intensity curve) of 17% have been reported (14) . In a mouse model using PC3 prostate tumors, intra-animal wCV for K trans and ν e of 18% and 7%, respectively, have been reported (13).
Given the higher temporal resolution of data acquisition of DCE-CT compared to DCE-MRI, and the per-animal rather than population-based AIFs of the respective analyses, one might have anticipated lower variability for DCE-CT parameters than for DCE-MRI parameters. We in fact found the variabilities to be similar. This may be because of the lower contrast differentials in CT compared to MRI and the use of a clinical scanner for CT, with intrinsically poorer spatial resolution, than dedicated small animal CT and MRI scanners.
In our evaluation of parameter variability, we undertook serial imaging evaluations on three consecutive days, which is in contrast to other studies that have restricted their evaluations to two sequential evaluations. There is of course the inevitable consequence that the tumors increase in size during the course of the evaluations, particularly with relatively rapidly growing tumors, such as our C6 tumor. Some tumors may also change in internal characteristics as they start to out-grow their blood supply and develop areas of necrosis centrally. Despite this, no trend in DCE parameters were seen over the three days.
Our variance components analysis allowed us to assess the relative contributions to the overall variance of between animals (inter-rat) and between individual scan days (intrarat) variance. We found that for all DCE-CT and DCE-MRI parameters, the two variances were not statistically different from each other. This implies that the C6 tumors, at least at this age and size, in our hands, have rather consistent vascular parameters. In comparison, reported smaller intra-compared to inter-animal CVs for K trans and v e in PC3 tumor xenografts in nude mice with inter-animal CVs for K trans of 40%, compared to intra-animal CVs of 18%. It is notable that taking our data on intra-animal reproducibilities for perfusion biomarkers together with data from a range of studies using different modalities, acquisition and analysis protocols, and tumor models, CVs are seldom less than 20%, which may represent physiological rather than instrument variation.
Comparison Between DCE-CT and DCE-MRI Biomarkers
We hypothesized that compartmental modeling of both DCE-MRI and DCE-CT yield parameters that faithfully describe the underlying vascular physiology, and thus parameters from the same animal with different modalities should be amenable to quantitative comparison. Of the 12 tumors providing DCE-CT and DCE-MRI data, 11 were fairly similar, generally wellperfused with low levels of necrosis, and the vascular parameters clustered within a narrow range, so we should look for quantitative agreement, but not necessarily a significant correlation, between the DCE-CT and DCE-MRI biomarkers.
The back-to-back CT and MRI design of our study allowed us to make direct comparison of CT-and MRI-derived parameters. K trans is a complex measure of the interaction of tissue perfusion (flow) and permeability (extraction). When tumor blood flow rates are low, K trans approximates to flow; when tumor blood flow rates are high, as is likely in the highly vascular C6 tumors, K trans approximates to the permeabilitysurface area product (PS) (8). C6 is a well-perfused tumor, evident from the high BF (mean 44.6 ml min 21 100 g 21 ) and BV (5.7 ml 100 g 21 ) in Table I . As the K trans and PS values were rather tightly clustered we did not observe a statistically significant correlation between the two measures across all animals, reflecting the limited range of PS and K trans values in these matched tumors. With regard to a comparison of the absolute values of K trans (DCE-MRI) and PS (DCE-CT) ( Figure 5) , with a measured BF to PS ratio of 3 (based on the measured DCE-CT mean data, Table I ), then the measured K trans /PS ratio would be expected to be 0.85 (K trans 5 BF 3 E, where E is the extraction fraction 5 12e 2PS/BF ). The mean value of 0.21 min 21 for the DCE-MRI K trans is markedly (44%) higher than this theoretical prediction as the mean value for PS derived from DCE-CT (assuming unit tumor density, i.e., 1 g ml 21 ) was 0.146 min 21 . This discrepancy may reflect limitations in our experiment, or it may reflect limitations in the models and their underlying assumptions, as discussed below.
Because of the influence of MRI contrast medium on CT density measurements, we were unable to randomize the order of the CT and MRI evaluations; MRI always followed CT. As a consequence, it is possible that cardiac output may have been consistently lower during the second (MRI) than the first (CT) portions of the study because of the effects of anesthesia.
We acknowledge and recognize limitations in our study. The modeling techniques in the derivation of our DCE-CT and DCE-MRI parameters were different. The DCE-CT parameter estimates were derived from a deconvolution model (11). In comparison, the DCE-MRI parameter estimates were derived from a Tofts model (8), and we had to rely on a model based approach for our arterial input function (AIF) since we were unable to obtain a reliable AIF from the DCE-MRI data acquired in this of animals, because of inflow artifacts. The model AIF we utilized was derived from a separate cohort of rats, as described above, under similar conditions to those in this study, but with the application of spatial saturation bands. Furthermore, the temporal resolution of the DCE-MRI acquisitions did not support the use of a 3-parameter Tofts model in a rat model, i.e., the plasma volume fraction, v p , was Each data point represents one rat on one day; each rat has a different symbol with data from the same rat joined by dashed line. One outlier (black circles) had a large necrotic core. The diagonal is described in the text. Note that the data points are clustered above the diagonal line.
ignored. This can lead to an overestimation of K trans values. In addition, the contrast media used differ in charge and molecular weight, so identical permeability-surface area product measures would not be expected. Our comparisons were not based on a perfusion of the entire volume of tumor, which has challenges beyond the scope of this work. Instead, our comparisons were based on two contiguous maximal axial sections, which can be reliably determined.
Our tumors were all from the same cell type and of similar sizes at the time of imaging. As a consequence, our parameter values were in a relatively narrow range; this limited out ability to evaluate associations between parameter values. Evaluation of different cell lines, with different perfusion characteristics would be helpful in future work.
The temporal resolution for our CT data (0.4 s) was 10-fold higher than that for our MRI data (6.6 s), which enabled estimation of BF from the initial uptake curve in CT, but not from MRI. Although our MRI scanner was a dedicated small-bore animal scanner, our CT scanner was a clinical (human) and not a dedicated animal unit. It is possible that a dedicated small animal CT scanner may yield smaller variability in DCE-CT parameters than that derived from the clinical unit on which our study was undertaken. Nevertheless, the spatial resolutions of the CT (0.5 3 0.5 mm) and MRI (0.5 3 0.6 mm) scanners were comparable, and the wCVs for the DCE-CT and DCE-MRI were very similar. The DCE-MRI and DCE-CT acquisition protocols and modeling techniques utilized in our study closely reflect those commonly used in clinical settings, thereby enhancing the potential translatability of this work.
In summary, the variability in DCE-CT and DCE-MRI biomarkers was similar. This suggests that both techniques may have comparable utility in pre-clinical and clinical studies. However, permeability estimates derived from DCE-MRI (K trans ) and DCE-CT (PS) yielded systematically different absolute values, suggesting that they are not entirely equivalent or interchangeable. Knowledge of the variability of the DCE parameters is important to guide appropriate experimental design and statistical consideration in future experimental studies.
